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GENERAL INTRODUCTION 
Glycogen Phosphorylase 
Early history of Glycogen Phosphorylase 
Muscle glycogen phosphorylase (a-l,4-glucan:orthophosphate 
glucosyltransferase, EC 2.4.1.1) is an important en2yme in carbohydrate 
metabolism. The homodimeric enzyme utilizes inorganic phosphate in the 
removal of one glucose unit from the non-reducing end of the storage 
polysaccharide, glycogen. a-D-Glucose-l-phosphate is produced in this reaction, 
which is then converted to glucose-6-phosphate, used for the formation of ATP, 
the cell's energy soxirce. Glycogen phosphorylase (GP) is one of the longest- and 
most extensively-studied enzymes and has a rich and interesting "history". 
Glycogen phosphorylase was first discovered as a phosphorylase activity 
towards glycogen in rabbit skeletal muscle extracts by Carl and Gerty Cori in the 
mid-1930's (1). This phosphorylase activity required adenosine-5'-
monophosphate (AMP) for activity and was shown to release the product 
glucose-l-phosphate (GIP) (2). The AMP required for activity was thought to be 
tightly bound to the phosphorylase protein and to be catalytic; in other words, a 
coenzyme. In time, two forms of phosphorylase were shown to exist: one which 
had no activity in the absence of AMP, termed phosphorylase ^ and one form 
which had 60-70% of its maximal activity in the absence of added AMP, termed 
phosphorylase a (3). Because phos. b required AMP for activity and phos. a did 
not, it was assumed that AMP was already present in the phos. a form, and 
therefore did not require its addition (3). 
During the isolation of phosphorylase, another protein was found in the 
muscle extracts which converted phos. a to phos. b. The enzyme was named the 
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"PR Enzyme" for "prosthetic removing", as it was assumed to remove the 
prosthetic group AMP from phos. a (4), even though no free adenylic add could 
be detected after incubation of phos. a with PR. Keller and Cori, in 1953, 
proposed a change of the name from "prosthetic-removing" to "phosphorylase-
rupttiring" when they foimd that, along with the conversion of phos. a to b, PR 
caused a halving of the weight of phosphorylase, as determined by 
sedimentation velocity (5). They could not say how this halving was 
accomplished, however. 
At about the same time another group of investigators, Edwin Krebs and 
Edmond Fischer, found mostly phos. b when they purified muscle 
phosphorylase, while the Cori group obtained phos. a (6). They determined that 
this difference was not due to contaminating PR enzyme in the phosphorylase 
preparations. The only difference between their methods was that Krebs and 
Fischer did not filter the extracts through paper. Until this time, phos. a was 
believed to be the GP form found in resting muscle, but this work of BCrebs and 
Fischer showed that it was phos. b instead. They found that the presence of 
contaminating divalent metal ions either in tap water used for extraction, or on 
the filter papers, caused conversion of phos. b to phos. a during the purification 
process (7). They could also cause a conversion of phos. b to a by adding crude 
muscle extracts plus divalent metal ioris to purified phosphorylase b. ATP was 
needed, however, if the extract was not used right away. In addition, this 
conversion was inhibited by EDTA. Krebs and Fischer believed this conversion 
process to be enzyme-catalyzed, as a protein fraction of the extract was also 
required (7). 
In 1956, this protein fraction was isolated and studied further as the 
phosphorylase "converting enzyme" (8). Using ^^P, they demonstrated that 2 
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mol were incorporated into 1 mol of phosphorylase b upon incubation with 
converting enzyme. This was the first demonstration of phosphate 
incorporation into GP and led Krebs and Fischer to believe that this might be a 
kinase reaction (8). Kinases had not previously been observed to have protein 
substrates. Importantly, they also fotmd that 32p was released when 32p-phos- a 
was converted to phos. b by the PR enzyme (8, 9). The work of all these 
researchers was extremely significant in that this was the first observation of 
reversible phosphorylation of an enzyme to regulate its activity. We now know 
the "converting enzyme" to be phosphorylase kinase (10), and "PR" to be 
phosphorylase phosphatase (II), or protein phosphatase-1 (12). These two 
enzjnnes work in concert to modulate the activity of phosphorylase to control 
the rate of glycogenolysis. 
This work made up the first twenty years of study on glycogen 
phosphorylase and its complex system of regulation. It is very interesting to read 
these older papers and discover how insightful the researchers of the time were 
about such a new kind of enzymatic regulation. Glycogen phosphorylase, in 
addition to being the first enzyme shown to be regulated by reversible 
phosphorylation (8-11), was also the first enzyme shown to exist in an oligomeric 
form (5,13), and the first allosterically regulated enzyme (14,15). Because it was 
the first enzyme discovered to exhibit so many new features and because it has 
been studied for so long and so much information exists about it, phosphorylase 
is often used as a model system for the imderstanding of other erizymes. For this 
reason, the continued study of glycogen phosphorylase and its regulation is still 
important. 
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General GP characteristics 
Glycogen phosphorylase is found in several different mammalian tissues, 
such as muscle, Uver, and brain, and homologous forms are even fotmd in yeast, 
plants, and bacteria (16). While all of these phosphorylases have slightly 
different modes of regulation and different levels of sequence homology (17), 
they all have extremely similar structures (18-20), as well as completely 
conserved catalytic sites. This conservation is especially interesting considering 
that some of the phosphorylase homologs have polysaccharide substrates other 
than glycogen (17). It shows the importance of this type of enzyme that its 
structure and function were so evolutionarily conserved. The best studied form 
of phosphorylase, however, is rabbit muscle glycogen phosphorylase (RMGP), 
which will be the isozyme focused on herein. 
The RMGP monomer is a polypeptide of 842 residues (21), with a 
molectdar weight of 97,500 Da. The first crystal structures of phos. b and phos. a 
(refined structures shown in Fig. 1) were determined in the 1970's and showed 
that the polypeptide chain folds into two large domains (22-24). Of these, the N-
tenninal domain (residues 1-484) is regulatory, while the C-terminal domain is 
primarily responsible for catalysis (17, 18). The active site lies in a cleft between 
the N- and C- terminal domains of the monomer. The monomers, while shown 
to exhibit some activity by themselves, are not found physiologically (25). 
Instead, tiie GP monomers associate into homodimers by making extensive 
intersubimit contacts, mairdy in the first 300 residues of each amiio-terminus 
(IS, 26). Originally, phos. a was isolated as a tetramer and phos. b as a dimer. It 
was therefore thought that these different oligomers represented the active and 
inactive forms, respectively, but this was later disproved by Wang and Graves 
(27). While both phos. a and AMP-boimd phos. b tend to form tetramers in 
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Figure 1. Crystal structures of phosphorylase a (left) and phosphorylase b (right). 
View of the two forms of the GP dimer from the regulatory face. The 
two distinct monomers are shown in magenta and turquoise in phos. 
b, and navy and green in phos. a. The N-terminal tails (residues 10-20) 
in both views are shown in white. The structure of the N-terminus is 
extended in phos. b, while in phos. ^ it forms a 3io heUx and rotates to 
bind at the subunit interface. (Photo courtesy of Dr. Louise Johnson 
and reproduced from Barford, et al (29) by permission of Academic 
Press Ltd.) 
6 
solution, the dimer is the functional form of the enzyme, as phosphorylase a and 
b when boimd to the substrate, glycogen, both exist as dimers (17, 27, 28), The 
phosphorylase dimer has a regulatory face, containing the phosphorylatable Ser 
14 on each N-terminus, as well as the allosteric activator sites, and a catalytic face, 
where the substrates bind and the reaction is catalyzed (29). 
Each monomer contains a number of binding sites for effectors. The 
phosphorylase dimer, then, has 2 binding sites for each effector, which is a 
prerequisite for allosteric binding- Most effectors of phosphorylase do exhibit 
allosteric binding, which will be discussed later. Activators of phosphorylase 
include its substrates G-l-P and glycogen, both of which bind near the active site, 
and the most potent and important activator, AMP, which binds in the 
"activator site" on the regulatory face of the enzyme (30, 31). Inhibitors of 
phosphorylase range from nucleotide inhibitors, ATP and ADP, which bind 
ironically to the "activator site", to glucose and glucose-6-phosphate (G6P), to 
caffeine and other purines (16). Glucose inhibits at the active site by competing 
with GIP, while G6P competes with AMP for binding. Purines bind and inhibit 
at a specific "I site", located near the catalytic site (17). 
Each subimit also contains a pyridoxal-5'-phosphate (PLP) cofactor 
covalently bound to Lys 680 (31), placing it in the catalytic site. The role of PLP is 
quite imusual in phosphorylase, as reduction of the imine, by which it is 
connected to the £-amino group of the Lys, results in no loss of activity (32-34), in 
contrast to almost all other PLP-contaiiiing enz5rmes. In phosphorylase, the 
whole PLP molecule seems to be important for conformational stability of the 
protein, but only the phosphate portion actively participates in catalysis of the 
reaction (34). The exact reaction mechanism of phosphorylase has been elusive 
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(16). It is believed, however, that the PLP phosphate moiety acts as a general acid 
in the reaction (35), which is as follows: 
glycogen(n) + inorganic PO4 <======> glycogen(n-i) + a-D-GlP 
Though phosphorylase can catalyze the reaction in either direction, the 
phosphorolysis reaction proceeds in vivo because the intracellular concentration 
of inorganic PO4 is much greater than that of GIF (16). The reverse reaction is 
useful as an in vitro measure of phosphorylase activity, however, by the 
spectrophotometric detection of product inorganic PO4 (36). The kinetics of the 
phosphorylase reaction is rapid equilibrium, random bi-bi (37), whereby 
substrates bind to CP in a random order, and are converted to two products 
which can dissociate in random order (although glycogen does not really 
dissociate in vivo). 
For the complete degradation of glycogen, a number of other enzymes are 
required. Glycogen is a highly branched polyglucose, with a(l-^4) linkages in the 
main chains and a(l-+6) branch points. GP can only degrade to within 4 units of 
an a(l—*6) branch point, whereupon glycogen debranching enzyme is needed to 
remove the branch point (16). It is therefore advantageous for these two 
enzymes to be in close physical proximity both to the cellular glycogen stores and 
to each other. This proximity is achieved by the presence of glycogen particles, 
large molecular weight aggregates of glycogen. Cellular GP is associated almost 
exclusively with these glycogen particles, as are debranching enzyme and 
glycogen synthase, which polymerizes glycogen in vivo. Both enz5nnes necessary 
for regulation of GP, phosphorylase kinase and protein phosphatase-1, are also 
foimd in the glycogen particles, although not exclusively (16, 38-40), hn this way, 
all the enzymes necessary for glycogen metabolism are localized together for 
efficiency. 
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Regulation of GP activity 
The regulation of muscle glycogen phosphorylase is extremely complex, as 
can be seen by the many different systems that control its activity. On one level, 
GP is regulated by its allosteric effectors, and on another, by its phosphorylation 
state. To complicate matters, however, the effectors bind differently and produce 
different effects depending on the phosphorylation state. Conversely, depending 
on which, if any, effectors are bound, phosphorylase is phosphorylated and 
dephosphorylated differently. To begin, phos. b in the absence of effectors has no 
activity. AMP can allosterically activate phos. b vdth positive cooperativity 
(nH=l-4-1.6) (42, 42), indicating that the binding of one molecule facilitates the 
binding of the second. Phos. b at high AMP concentration (1 mM), which is 
mostly AMP-satorated, has 60-70% of its maximal activity. AMP can also bind to 
phos. a, but it no longer binds cooperatively. The active conformation of phos. a 
contains a much higher affinity AMP binding site than is present in phos. b (IS), 
so that AMP can bind to either site with equal affinity. AMP-bound phos. a 
exhibits the maximum activity possible for GP. 
Inhibitors, such as G6P and ATP which compete with AMP for binding, 
inactivate phos. b or hinder its activation. Glucose and caffeine are also potent 
allosteric inhibitors of phosphorylase, and can even bind together synergistically 
(43, 44). In this way, binding of one effector improves the binding affinity of the 
other. However, while glucose and caffeine potently inhibit either phos. a or 
phos. h/ G6P is only a strong inhibitor of phos. b, with a minor effect on phos. a 
activity (45). G6P is able to affect phos. a in other ways, though, as described 
below. 
Probably the most important method of regulation for phosphorylase, 
however, is by the modulation of its phosphorylation state by phosphorylase 
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kinase and protein phosphatase-1 (PP-1). Phosphorylase kinase (PhK), when 
activated, phosphorylates GP on the Ser 14 residue of each subunit (31, 46). Ser 14 
lies on the N-terminal tail of GP, which consists of the first 20 residues and is 
randomly structured in phos. b (29). Upon phosphorylation of this Ser, the N-
terminus forms a 3io helix on either side of the phosphoserine. In addition, the 
N-terminal tail rotates about 90° and moves up to bind at the subimit interface 
(shown in Fig. 1) (18, 29). In this position, the phosphate group is complexed by a 
number of basic groups in the area. Arg 69 from the a2 helix of one monomer, 
and Arg 43', on the Cap' of the other monomer, form salt bridges with the 
phosphate group, presumably to hold the N-terminus in place. In this 
conformation, the phos. a is active and can act without AMP binding (18, 29). 
In order to inactivate phos. ^ it must be dephosphorylated by PP-1. Active 
phos. a, however, is only a moderate substrate for PP-1. Inhibitors glucose-6-
phosphate, glucose, and caffeine, when boimd to phos. ^ actually make it a better 
substrate for PP-1 (47-49). So, in vivo, the build-up of glucose or G6P, to which 
the end product of the reaction, GIP, is rapidly converted, can act as a feedback 
inhibitor of glycogenolysis. The binding of G6P or glucose to phos. a can slow its 
activity, then allow PP-1 to more rapidly dephosphorylate and completely 
inactivate the enzyme. The opposite scenario is true for AMP; while it is an 
activator of GP, its binding greatly inhibits dephosphorylation (49). A similar 
effect is seen with G6P, which inhibits phosphorylation by PhK when botmd to 
phos. b (50). 
Conformation of phosphorylase 
As GP is a large, multi-subimit enzyme, its structure is very important to 
its functioning. Indeed, many secondary, tertiary, and quaternary structural 
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changes occur in phosphorylase depending upon its activation state. These 
changes can be brought about either by phosphorylation/dephosphorylation, or 
binding of effectors, or both. Most factors that do affect its activity do so by 
causing these conformational changes, or by stabilizing a particular 
conformation. 
One way of thinking about the corvformation of GP is to use the "R state" 
and "T state" designations described by Monod, et al, for allosteric systems (15). 
In their model for describing allosteric binding of effectors, they use glycogen 
phosphorylase as a specific example. In their model, the "T state" of an allosteric 
enzyme has low activity and low affinity for substrates and effectors, while the 
"R state" has high activity and high affinity for substrates and effectors. Different 
effectors, then, wiU promote or stabilize either the R state or T state, depending 
on their effect on the activity of the enzyme. These may not be the only 
conformations in which the proteia can exist, however. Phosphorylase 
demonstrates that the R and T states are not discrete, all-or-nothing 
conformations. 
inactive phos. b, in the T state, can be shifted to the R state by the binding 
of AMP or by phosphorylation. This R state may not be "complete," however, as 
AMP-binding and phosphorylation in combination result in further increased 
activity. This fully active state would presumably be the "complete" R state for 
phosphorylase. The R state can be seen in the structure of phosphorylase as 
movements of secondary and tertiary structural elements to produce a specific 
conformational change. In the active R state, the two phosphorylase subunits 
move closer together at the regulatory face and rotate about 5° with respect to 
each other {18, 30). This movement, induced on the regiilatory face, also causes 
changes in some specific secondary structures on the catalytic face of the enzyme. 
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namely the tower helices and the active site gate. These structures pull apart, 
allowing substrates to enter the active site. Either dephosphorylation or the 
binding of inhibitors then causes changes in the conformation which promote 
the T state. Shifting from R state back to T state causes the subimits to rotate back 
to the "resting" position and move farther apart again, accompanied by the 
necessary secondary and tertiary structural movements. 
Another factor contributing to GP conformation is the N-terminus, which 
may be thought of as another effector. Its function in phos. a is obvious, acting as 
a sort of "R state effector" by binding to its site at the subvmit interface. In phos. b, 
however, its importance is concealed. It is known that in AMP-bound phos. b, 
the N-terminus is not immobilized at the interface like in phos. a (51) and is 
probably not ordered (29). Its function in T state phos. b is less understood, yet 
the amino terminus definitely has a large effect on the conformation, function, 
and regulation of GP. A phosphorylase form named phos. b', lacking the amino-
terminal 15 to 17 residues, was discovered by limited treatment of GP with 
trypsin (4, 52). Phos. b' has been studied extensively to determine the effects of 
the N-terminus on various phosphorylase properties. 
The N-terminus affects the oligomerization state of GP, as phos. b' is 
incapable of forming tetramers in the presence of AMP, as phos. b is (53). This 
coxild be reversed, however, by adding back a phosphopeptide of the N-terminus 
(54). The N-terminus affects effector binding, as well. While G6P inhibits and 
NaF activates phos. b. activity, phos. b' is not affected by either of these effectors 
(53). Phos. b' also has much decreased K^s for both AMP and inorganic PO4. In 
addition, the apparent KmS are independent of the concentrations of other 
substrates or effectors, in striking contrast to phos. b (53). The N-terminus seems 
to affect aU these characteristics of GP by helping to modulate the conformational 
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state; in some cases promoting the T state, and in others, the R state. While we 
have little idea of what it is specifically doing, it is clear that the N-terminus is 
highly important for the structure and regiilation of phosphorylase. 
Phosphorylase Kinase 
General characteristics 
Phosphorylase kinase, as was discussed above, was found in muscle 
extracts as a "converting enzyme" (8) which converted phos. b to phos. a, and 
soon after was discovered to be a protein kinase (10). Phosphorylase kinase was 
the first protein kinase ever discovered, which was thought to be quite unusual. 
We now know of greater than 400 protein kinases and there are predicted to be 
over 2,000 foimd in humans (55). In that sense, PhK clearly does not catalyze an 
imusual reaction, the transfer of a phosphate group from ATP to a protein, but 
the enzyme itself is still qtiite imique. PhK is the largest and most complex 
protein kinase yet discovered. It has a total molecular weight of 1.2 x 10^ Da and 
is comprised of 16 subxmits, with the composition (a,p,7,8)4. The a and p subimits 
are regulatory, while y is the catalytic subxmit and 5 is an intrinsically bound 
calmodulin (40, 56-58). The mechanism of phosphorylation, 
Phos. b (dimer) + 2 ATP > Phos. a (dimer) + 2 ADP 
is sequential random bi-bi (59). 
Regulation of PhK activity, like phosphorylase, is controlled by several 
different methods. PhK can be activated by phosphorylation of its regulatory 
subimits by cAMP-dependent protein kinase (PKA) and by the binding of Ca2+ to 
its 5 subimits. PhK activity is also modulated by the binding of exogenous 
Ca2+/calmodulin, Mg^+ ions, ADP, and ATP (40, 60). The complex nature of 
13 
phosphorylase kinase composition and regulation may be necessary in order to 
receive and process all the cellular signals that act on it (60). Signals to activate 
muscle PhK come from either hormonal or neuronal sources. Activation of the 
p-adrenergic receptors by epinephrine leads to an increase in the intracellular 
concentration of cyclic AMP (cAMP). cAMP activates PKA, which then 
phosphorylates p and a to activate PhK. From the neuronal side, electrical 
stimulation of the muscle cell results in contraction and a release of Ca^+ from 
the sarcoplasmic reticulum. The resulting increase in cytoplasmic Ca^^ 
concentration promotes its binding to PhK through its 5 subtmits, also causing 
activation. In this way muscle contraction is directly linked to an increase in 
glycogenolysis (40). 
It is still not known exactly how phosphorylation of the a and p subxmits 
or binding of Ca2+ by 5 is conveyed as an activation signal to the catalytic subimit, 
y. The most likely scenario is that the activation signals cause specific 
conformational changes in the subunits directly affected and these changes then 
cause a conformational change in y. It is also not clear how the subxmits are 
arranged on the hexadecameric holoenzjnne. There is evidence that the 
holoen2yme has a "butterfly"-shaped structure, and that the y subimits are 
located towards the inside of this structure (61, 62). There is also some evidence 
that y may be dimerized on the holoenzyme (56, 63). BCnowing these things in 
the future may help us better imderstand the regulation of phosphorylase kinase. 
The Y catalytic subtuiit 
The y subxmit has 386 amino acid residues which fold into a typical bilobed 
protein kinase catalytic core (res. 1-290) (64), along with a regiilatory C-terminus 
(res. 291-386). The structure of the C-terminus has not been determined, y, when 
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isolated from the rest of PhK, was shown to have activity on its own, and was no 
longer phosphorylated or sensitive to Ca^"*" ions (56, 65, 66). Many kinases, PKA., 
for example, require phosphorylation on a specific residue of the catalytic subunit 
in order for activation. Thr 197 of PKA is autophosphorylated for activation, 
while the corresponding residue on PhK y is a glutamic add. This acidic residue 
may perform the function of the phosphate group and be a reason for its activity 
without phosphorylation (64). 
In order to study y more easily, attempts were made to express the y 
subimit alone in bacteria. Extreme difficulty has been encoxmtered in trying to 
obtain full-length protein, though. When expressed in E. coli, the y subimit 
became proteolyzed, with the C-terminus being clipped off. The catalytic core of y 
remained intact, however. Therefore, y has been expressed, purified as inclusion 
bodies, and renatured as a tnmcated form, containing residues 1-300 (67). This 
form of 7(1-300) is more active than fall-length y, indicating that the C-tenninus 
inhibits its activity in some way. 
The long C-terminus is an enigma for the moment, as to its true structure 
and function. It contains 2 calmodulin-binding domains, which overlap 2 
inhibitory regions for y. When various peptides of the C-terminus were made, 
two, named PhK13 and PhK5, were able to both bind calmodiilin and inhibit PhK 
and y {68-70). PhK13 is even a possible pseudosubstrate inhibitor, as it is a 
competitive inhibitor versus phos. b, and part of its sequence is highly 
homologous to the phosphorylation site on phos. b. Therefore, a proposed 
function for the C-terminus is that of an autoinhibitory domain that would bind 
to the catalytic core, with PhK13 in the active site and PhK5 at another site, 
inhibiting its activity. The inhibition might then be released if exogenous 
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calmodulin (or possibly 5) could bind to these binding domains, and move them 
away from the active site. 
Substrate specificity 
Another way that muscle phosphorylase kinase is imusual is that it is 
known to have only one substrate in vivo, phosphorylase b. A significant 
amotmt of work has been done studying PhK in vitro, however, where it can 
phosphorylate a number of other substrates. These studies have shown that PhK 
can phosphorylate botii the I and T subunits of troponin tinder different 
conditions, it can phosphorylate glycogen synthase at one site, and it can also 
autophosphorylate on its p subimit (40, 65, 71). More recent studies have shown 
that the neuronal proteins neurogranin, nexiromodulin, and the microtubiile-
associated protein Tau can be phosphorylated in vitro by muscle PhK, and may 
be associated with and phosphorylated by brain PhK in vivo (72, 73). While PhK 
can transfer phosphate to these proteins, all of them are much poorer substrates 
than phosphorylase, and it remairis that none of these substrates have been 
confirmed in vivo. 
Phosphorylase, then, is the only known physiological substrate for PhK. 
The site on phos. b phosphorylated by PhK was isolated early in the study of the 
kinase. It contained the sequence Lys-Gln-Ile-SER-Val-Arg (45, 49), with 
phosphorylation occurring on the Ser residue. It was not known, however, 
where this sequence was localized on the protein. Eventually, longer sequences 
containing this hexapeptide were isolated from phosphorylase and numerous 
peptides of this region were synthesized. These peptides were studied to see if 
they could function as substrates for PhK, as well. The peptide substrates were 
indeed phosphorylated by PhK, although not as well as phos. b (74). One research 
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objective, then, was to study directly the primary sequence requirements for 
phosphorylation by phosphorylase kinase. 
The first peptide substrate used had the sequence S^-D-Q-E-K-R-K-Q-I-S^^ 
V-R-G-L^®, which represents residues 5-18 of phosphorylase (31, 74). This peptide 
was phosphorylated about l/6th as well as phos. b. Other experiments, changing 
the length of the peptide and the residues included, determined that the smallest 
peptide that could be phosphorylated was the hexapeptide originally isolated, 
residues 11-16 aroimd the Ser 14, K-Q-I-S^^-V-R (75). A Thr in place of Ser in this 
peptide could not be phosphorylated by PhK, however. In addition, change of 
any of the residues stirroimding the Ser 14 in this peptide, or longer versions, 
dramatically changed their phosphorylation by PhK. The six residues mentioned 
above were the most sensitive to sequence changes. 
Lys 11, when changed to an Ala, reduced the Vmax of phosphorylation, and 
when changed to a Glu, reduced Vmax even more, and increased Km slightly (76, 
77). lie 13 replaced with Gly, in general, also increased slightly and decreased 
Vmax (76, 78). Val 15 when replaced with Gly was a very poor substrate, with a 
large decrease in Vmax (7S). Arg 16 has been the most-studied residue, as it had 
been determined that PhK had an important requirement for an arginine in the 
P+2 position (2 residues C-terminal to the phosphorylation site) (74, 75). When 
substituted with apolar groups, Ala or Gly, in this position, the peptides were 
poor substrates, with small increases in Km/ but very large reductions in Vmax/ 
from 10-fold to 66-fold, depending on the conditions used (59, 76, 78). When the 
charge was reversed to Glu, the peptide could not be phosphorylated at all (77). 
Surprisingly, however, when the conservative substitution of Lys was made, 20-
to 35-fold decreases in Vmax were observed (59, 77). 
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This indicates that phosphorylase kinase has a very strong requirement, 
not only for a basic residue, but specifically for an Arg in the P+2 position, at least 
in peptide substrates. In general, the whole hexapeptide KQISVR is very 
important for recognition by PhK. This is amplified by the observation that this 
sequence, KQISVR, is conserved among phosphorylases from human, rabbit, rat, 
and dogfish, all of which can be phosphorylated by rabbit muscle PhK (77, 79). 
Interaction of Phosphorylase with Phosphorylase Kinase 
It was stated above that phosphorylase is the only in vivo substrate for 
PhK, but it is also true that phos. b is not phosphorylated by any other kinases. It 
is clear that the interaction between them, then, is very imique and specific. 
What are the reasons for this? Surely, from the evidence with glycogen particles, 
we can see that these two proteins are localized together in the cell, which would 
facilitate their interaction, but this cannot be the only factor. Even when 
separated from the glycogen particles, phosphorylase kinase has a very limited 
number of substrates. There is definite specificity for the primary sequence at the 
phosphorylatable site, but this is not the only factor, either. It is amazing that for 
all the information available about this system, we don't really know how these 
two proteins recognize each other. 
We know from the peptide studies that PhK can phosphorylate peptides of 
the N-terminus of phos. b, but the Km for this phosphorylation is very high, on 
the order of 50 times higher than for phos. b (59). This indicates that there are 
other parts of phosphorylase that contribute to the binding and recognition by 
PhK. A cyanogen bromide (CNBr) cleavage fragment of phosphorylase, 
containing the first 91 residues, has a Km much lower than the 5-18 peptide, and 
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much doser to that of phos. b, indicating that most of the residues needed for 
binding reside in the first 91 residues of phosphorylase (59). This polypeptide 
gave a very low Vmax for PhK, however, compared to both 5-18 and phos. b, 
implying that this intermediate length substrate is not conducive to efficient 
catalysis. 
In addition to studying residues necessary for recognition, the 
conformation of phosphorylase has also been studied. As stated earlier, phos. b 
in the presence of different effectors is phosphorylated differently. In the 
presence of 10 mM G6P, phos. h is phosphorylated more slowly by PhK, at about 
50% the rate with no effectors bound (50). Because G6P promotes the T state of 
phos. b, one might reason that PhK prefers to recognize the R state of phos. b. 
This hypothesis has been difficult to test, though. No increase in. 
phosphorylation is seen in the presence of the R state promoter, AMP (50, 80). 
AMP can also interact with and inhibit PhK, however, which might skew the 
restilts that have been seen. Other R state promoters of phos. h, such as the 
solvent 1,2-dimethoxyethane, have similar inhibitory effects on PhK 
{81),(unpublished results). One of the only clues we have to this question comes 
from work with hybrid a/b phosphorylase. This form of GP, with only one 
subunit phosphorylated, may be a real phenomenon in vivo {82, 83). When 
tested with PhK, this a/b hybrid was a better substrate for PhK than was phos. b, 
indicating that having one phospho-subunit (being partially in the R state) may 
make it easier for the second subunit to be phosphorylated, analogous to the 
cooperative binding of AMP {84). We cannot be sure, however, that the a/b 
hybrid is actually shifted to tiie R state. 
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Experimental Rationale and Dissertation Organization 
Some important questions to ask, then, are: what features make these two 
proteins so specific for each other, how exactly do they interact and recognize 
each other, and is there a way to study this in vitro? I have chosen to try to 
answer these questions by studying site-directed mutants of RMGP. The residues 
I have mutated are ones that have either been shown in peptide studies to be 
important for recognition, or have appeared from the crystal structures to be 
possible important sites of interaction. I have studied the wild-type and mutant 
phosphorylases with the trvincated form of the catalytic subimit of PhK, 7(1-300). 
It is probable that since both holoertzyme PhK and phosphorylase are such large 
proteins, they must interact at many different sites. However, since y is the PhK 
catalytic subiinit, it is most likely to be the subimit primarily interacting with 
phosphorylase. Therefore, we believed it was a good system to start with for 
these studies. It would be interesting to repeat them at some time in the futiire 
with holoenzyme PhK to observe any differences from the results with y. In 
addition, I tested to see if any of the phosphorylase mutants could be 
phosphorylated by another kinase, PKA, which does not act on wild-type CP. 
An imexpected result after beginning these experiments was that some of 
the mutations not only changed the interaction of phos. b with y, they also 
changed the conformation and properties of phosphorylase itself. Here I have 
characterized these conformational changes. It was then also necessary to try to 
dissect sequence changes from conformational changes on the effect on 
phosphorylation. These conformational changes are extremely interesting and 
brought up even more questions about the complicated nature of phosphorylase 
that I have tried to address. One chapter of this dissertation will be devoted to 
these observed conformational changes. 
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This dissertation is organized into four sections. Following the general 
introduction will be two manuscripts to be submitted to the journal 
Biochemistry. The first will be devoted to the phosphorylase mutants and their 
interaction with PhK Y(1-300) and other kinases. The second paper focuses on the 
phosphorylase mutants themselves, and how the point mutations have altered 
their conformations. These manuscripts will be followed by a general 
conclusions chapter. 
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SITE-DIRECTED MUTANTS OF GLYCOGEN 
PHOSPHORYLASE ARE ALTERED IN THEIR 
INTERACTION WITH PHOSPHORYLASE KINASE 
A paper to be submitted to the journal Biochemistry 
Alyssa C. Biom and Donald J. Graves 
Abstract 
Glycogen phosphorylase, important for carbohydrate metabolism, is found 
in. resting muscle as phosphorylase b, which is inactive without bovmd AMP. 
Phosphorylation by phosphorylase kinase (PhK) produces phosphorylase a, 
which is active in the absence of AMP. PhK is the only kinase that can 
phosphorylate phosphorylase b, which in him is the only substrate for PhK. We 
have explored the reasons for this specificity and how these two enzjones 
recognize each other by studying site-directed mutants of glycogen 
phosphorylase. All mutants were assayed for changes in their interaction with a 
trtmcated form of the catalytic subunit of phosphorylase kinase, 7(1-300). Three 
mutations (R69K, R69E, and E501A), made at sites that interact with the amino 
terminus in either phosphorylase b or a, showed little difference in 
phosphorylation by 7(1-300) compared to wild-type phosphorylase b. Five 
mutations, made at three sites in the amino-terminal tail of phosphorylase 
(KllA, KllE, I13G, R16A, and R16E), however, produced decreases in catalytic 
efficiency for 7(1-300), compared to phosphorylase b^ R16E was the poorest 
substrate for 7(1-300), giving a 47-fold decrease in catalytic efficiency. The amino-
terminus, and especially Arg 16, are very important factors for recognition of 
phosphorylase by 7(1-300). A specific interaction between Lys 11 of phosphorylase 
and Glu 110 of 7(1-300) was also confirmed. In addition, I13G and R16A were able 
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to be phosphorylated by protein kinase A, which does not recognize native 
phosphorylase. 
Introduction 
Glycogen phosphorylase (GP) is an important enzyme in mtiscle 
metabolism. Using inorganic phosphate, it removes one imit of glucose from 
the non-reducing end of glycogen, producing glucose-l-phosphate. In this way, it 
frees stored glucose for use in the production of ATP. GP is activated by the 
allosteric binding of 5'-AMP (I, 2) or by phosphorylation of its Ser 14 residue by 
phosphorylase kinase (PhK) (3-5). Phosphorylation converts phosphorylase b 
(phos. b), which is inactive without AMP, to phos. a, which is active without 
AMP {6-8). PhK itself is activated in response to increased cytosolic Ca2+ released 
during muscle contraction or to hormonal stimuli which lead to an increase in 
cytosolic cyclic AMP (cAMP) concentration, such as epinephrine binding to p-
adrenergic receptors (reviewed in (9,10)). Glycogenolysis is therefore activated as 
the muscle cell requires energy. 
While many kinases, such as cAMP-dependent protein kinase (PKA) and 
MAPK/Erk, have broad subsfrate specificity (11,12), the substrate specificity of 
PhK is very limited. PhK has been shown to have a few substrates in vitro, but 
its only known in vivo subsfrate is phos. b (9). In addition, phos. b is not 
phosphorylated by any other kinase, in vivo or in vitro. Their recognition of 
each other, then, must be very specific. GP and its regulatory enz3anes have been 
studied longer than any others and have even been iised as a model system for 
the study of other enzymatically interconvertible systems (13), yet we have little 
idea how these proteins recognize each other. Our goal in these studies was to 
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investigate some of the possible factors that may influence the specificity of 
glycogen phosphorylase and phosphorylase kinase for each other. 
We chose to approach this problem from the substrate side, by creating 
site-directed mutants of GP and observing them for changes in their interaction 
with PhK. PhK is a very large enzyme, with a total molecular weight of 1.2 x 10^ 
Da, and 16 subimits of the composition (a,p,Y,5)4 (9). Because it is so large and 
complex, we have also chosen to use just a tnmcated version of the catalytic 
subunit of PhK, the y subiinit. This form, Y(1-300), is missing the 86-residue C-
terminal regulatory region, but the kinase core is completely intact. Huang et al 
(14) found that this 1-300 form had a higher Vmax than the full length y subunit, 
but their KmS for phos. b were identical, indicating that the first 300 residues 
should comprise the major portion of the kinase that interacts with GP. 
For this study we have constructed eight mutants of phosphorylase at five 
different residues. The residues mutated were chosen based either on previous 
studies of PhK substrate specificity using peptides, or on information from the 
crystal structures of both GP (15, 16) and PhK y(l-300) (17,18). Three residues 
have been mutated in the N-terminal tail, which contains the region directly 
around the phosphorylatable Ser 14. These are Lys 11 in the P-3 position. He 13 in 
the P-l position, and Arg 16 in the P+2 position, all of which, when changed, 
produced poor peptide substrates for PhK (19-22). The other two mutation sites 
are Arg 69 on the a2 helix, which has been shown to form a salt bridge with the 
serylphosphate of phos. a, and Glu 501, whose side chain acts to shield the Ser 14 
phosphorylation site in phos. h (I^)-
The peptide studies that have been done gave us valuable information 
about PhK's primary structure requirements in the phosphorylatable region, but 
they do not reflect the binding of the three-dimensional folded protein substrate 
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to the kinase. The effects of llie mutations are likely to be quite different in the 
whole proteins than in the peptides. This is indeed what we foxmd. The 
mutants are all recognized by Y(1-300) differently than is phos. b. Some of the 
mutations are even able to be recognized by PKA, which does not phosphorylate 
phos. b (19). In addition, we present data to support previously-reported 
information about a specific residue-residue interaction between y(l-300) and GP. 
Experimental Procedures 
Materials 
The plasmids RMGP-Nde53 and RMGP-pTacTac, containing the cDNA of 
rabbit skeletal muscle phosphorylase, along with mutagenesis primers for 
mutants R16A, R69K, and E501A, were generous gifts of Dr. Robert Fletterick, 
UCSF. All other mutagenesis and DNA sequencing primers were synthesized in 
the Iowa State University DNA Facility on an Applied Biosystems 3948 Nucleic 
Acid S5mthesis and Purification System. E. coli 25A6 cells were from Genentech, 
South San Francisco, CA. Oyster glycogen type n and Protein Kinase catalytic 
subunit were purchased from Sigma, St. Louis, MO. Chelating Sepharose Fast 
Flow and DEAE-Sepharose Fast Flow were from Amersham Pharmacia, 
Piscataway, NJ 
Mutants R16A, R69K, and E501A were made using the Kimkel method for 
single-stranded DNA (23, 24) in the RMGP-Nde53 plasmid. These mutants were 
constructed to add unique restriction sites by conservative mutation for quicker 
screening of mutants. All other mutants (KllA, KllE, I13G, R16E, and R69E) 
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were constructed using the QuikQiange™ Site-Directed Mutagenesis Kit from 
Stratagene (La JoUa, CA), also using the RMGP-Nde53 plasmid. Sequencing of 
plasmids for confirmation of mutagenesis was performed by the ISU DNA 
Fadlity on an ABI Prism 377 DNA sequencer. 
Protein Expression and Purification 
Expression of recombinant GP and mutant forms was carried out in the 
pTacTac expression vector in E. coli strain 25A6, according to the method 
developed by Browner, et al (25). Purification of recombinant wild-type 
phosphorylase and mutants was carried out by chromatography, first on a Cu^+-
chelated Sepharose column, follov^ed by a DEAE-Sepharose coluron to remove 
remaining contaminating proteins (26). Final samples were concentrated, 
dialyzed into 40 mM |3-glycerophosphate/ 5 mM DTT, pH 6.8 (40/5 buffer), and 
stored at 4°C. Phosphorylase purified in this manner was 95% pure, as judged by 
SDS-PAGE (Fig. 1). Phosphorylase b was purified from rabbit skeletal muscle (27) 
and recrystallized at least three times. It was then dialyzed into 50% 40/5 buffer, 
pH 6.8/ 50% glycerol and stored at -20°C. Concentration of phosphorylase 
samples was determined spectrophotometrically at 280 run, using the extinction 
coefficient of 1.32 cm^/mg phosphorylase (28, 29) Phosphorylase kinase catalytic 
subunit, Y(1-300) and mutant form yEllOK were expressed and purified as 
previously described (14, 30), and stored in 50% glycerol at -20°C. 
Phosphorylation Assays 
Time courses of phosphorylation were performed at 2 mg/ml 
phosphorylase, 1 mM y-^^P-ATP, 10 mM MgClz, 2 mM DTT, in 50 mM PIPES/50 
mM Tris, pH 8.2. Reactions were incubated at 30°C for 30 minutes with Y(1-300) 
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(.05 p.g/ml), yEHOK (.1 |ig/ml), or buffer for blanks. All forms of y were diluted in 
the presence of 1 mg/ml BSA for stability. Progress of reactions was monitored 
by incorporation of 32p ftrom y-^^P-ATP. 10 nl aliquots were removed from the 
reaction at various times and spotted on Whatman 31ET paper. Papers were 
washed for 30 minutes each in 10% trichloroacetate (TCA)/1% pyrophosphate, 
5% TCA/1% p5n:ophosphate, and 5% TCA, then dried and coimted by liqioid 
scintillation coxmting. Assays with PKA were carried out at 4 mg/ml substrate 
protein, 0.5U/|il Protein Kinase catalytic subimit, 1 mM ATP, 10 mM MgCl2,2 
mM DTT, in 50 mM HEPES/ 50 mM Tris, pH 6.5, at 30°C. For incorporation 
assays, 10 aliquots were withdrawn at various times, washed, and coimted as 
described above. For measiiring increase in phosphorylase activity, 6 p.l aliquots 
were removed at various times and diluted to .02 mg/ml GP in cold 40/5 buffer, 
pH 6.8. Phosphorylase activity was then assayed at 10 ng/ml in the presence or 
absence of 1 mM AMP, after the method of Krebs, et al {31). 
Kinetics 
Kinetic analyses were performed at five different concentrations of 
substrate phosphorylase. y(l-300) was used at concentrations from .015 to .1 
iig/ml, to permit 1-2% total phosphorylation of phosphorylase, as monitored by 
incorporation of 32p. yEllOK was similarly used at concentrations from .05 to .5 
jig/ml, and both enzymes were diluted in BSA as described above. Assays also 
contained 1 mM y-32p-ATP, 10 mM MgClz, and 3.25 mM total DTT, in 50 mM 
PIPES/50 mM Tris, pH 8.2. 30 td reactions were incubated at 30°C for 3 minutes, 
when 15 pi aliquots were spotted on paper, washed and coimted as described 
above. Data was analyzed on the EnzymeBCinetics program (Trinity Software). 
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Results 
Mutagenesis 
Phosphorylase mutants made are shown in Table 1 and compared to the 
natural sequence in wild-type phos. b. The location of each residue in the 
structure of phos. a is shown in Figure 2. Mutants of residues in the N-terminal 
tail of GP are shown in the top portion of the table. These residues were chosen 
on the basis of previous peptide studies which indicated Lys 11, He 13, and Arg 16 
were very important for phosphorylation of the peptides by phosphorylase 
kinase (19-22). For Lys 11, which has been shown to have a specific interaction 
with Glu 110 of Y (32), we have both removed and reversed the positive charge, 
making KllA and KllE. These mutations may impair this interaction and 
reduce phosphorylation by 7(1-300). lie 13 has been changed to a Gly, as peptide 
data showed a requirement for a large apolar group in this position (19, 20). In 
addition, Gly is known to be a helix-breaker and may disrupt the secondary 
structure of the N-terminus (33, 34), which may also be an important factor for y 
recognition. Alteration of Arg 16 in peptides has produced the most drastic 
changes in phosphorylation, making it a very important residue for recognition. 
We have both removed and reversed the charge of this residue (R16A and R16E) 
to see if the effects are as drastic in the intact protein. 
Mutants of Arg 69, in the middle of the table, were made based on 
information from the crystal structures of phos. ^ which show that Arg 69 is 
involved in complexing the serine phosphate (15, 16). By making a conservative 
and a charge-reversed mutation (R69K and R69E), we may see if the binding of 
the serine-phosphate is an important part of the kinase reaction mechanism. 
We may also see if Arg 69 resides in a second area for binding with y. Mutation 
of Glu 501 is shown at the bottom of Table 1. The side chain of Glu 501, in phos. 
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h, acts to shield the Ser 14 (16). Mutating this residue to Ala might remove this 
shielding effect and perhaps allow more rapid phosphorylation of this Ser. 
Interaction of mutants with yd-SOO) 
All phosphorylase mutants were assayed in a time course of 
phosphorylation with Y(1-300). A representative of these assays is shown in Fig. 
3, including mutants E501A, KllA, and KllE in comparison to phosphorylation 
of phos. b. The E501A mutation was phosphorylated almost as weU as phos. b by 
7(1-300), while KllA and KllE had lower rates of phosphorylation. The two 
charge-reversal mutations, KllE and R16E (data not shown) had the lowest rates 
of phosphorylation of all the mutants, with R16E having 20-fold less phosphate 
incorporated compared to phos. b at 30 minutes. 
The interaction of the mutants with Y(1-300) was further studied by 
determining kinetic constants. Km and Vmax or kcat- These results are shown in 
table 2, with the representative Lineweaver-Burk plots shown in Fig. 4(a-d). 
With three mutant forms of GP, R69K, R69E, and E501A, y(l-300) exhibited a 
higher kcat than with phos. b. Each of these mutants also showed a higher Km for 
binding to y(1-300), however. The ratio kcat/Km is a measure of the catalytic 
efficiency of an enzyme with a particular substrate. If these ratios are compared 
for phos. b and R69K, E, and E501A, the mutants' higher KmS compensate for 
their higher kcatS. The catalj^c efficiency of Y(1-300) for both R69 mutants is 
equal to that for phos. b, while that for E501A is about 1.4-fold lower. 
Mutations in the N-terminal tail of GP produced poorer substrates for y(1-
300) than those ekewhere on the protein. With the Kll mutations, along with 
I13G, 7(1-300) had reduced catalytic efficiencies, owing to both reductions in kcat 
and increases in Km- The worst substrate of these three, KllE, produced a 5.8-fold 
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decrease in catalytic efficiency. Substitution of the Arg 16, known to be a very 
important site for PhK recognition, caused the largest effects on recognition and 
phosphorylation by 7(1-300). For both R16A and R16E, Y(1-300) showed minor 
reductions in kcat^ 1.6-fold and 2.2-fold, respectively, versus phos. b. These 
mutants also had the highest K^s of any, R16A showing a 4.7-fold increase, and 
R16E showing a 21-fold increase in Km. These values trarislate into a 7.6-fold 
decrease in catalytic efficiency for 7(1-300) with R16A and a very large 47-fold 
decrease with R16E. 
Interaction of GP mutants with a mutant of y(l-300), 7EIIOK 
It was shown previously that the Glu 110 residue of 7(1-300) had a specific 
interaction with residue Lys 11 in a peptide of the N-terminus of GP, 9-18 peptide 
(32). A mutant of 7(1-300), 7EIIOK phosphorylated 9-18 peptide very poorly, but 
phosphorylated 9-18 where Lys 11 was replaced with Glu almost as well as 7(1-
300) phosphorylated 9-18. Using the GP mutants KllA and KllE, we attempted 
to see if these charge-removal and -reversals would function in the GP protein 
they way they did in the peptide studies. Fig. 5a demonstrates the 
phosphorylation of phos. b by 0.1 |i.g/ml of either 7(1-300) or 7EIIOK. In the short 
time course, 7(1-300) phosphorylated phos. b to 62% of its maximum in ten 
minutes, whUe 7EIIOK phosphorylated it to only 0.8%. The charge-reversal 
mutation in yEllOK virtually eliminates its phosphorylation of phos. b. When 
7EIIOK was tested with the KllA and KllE mutants of GP, however, it was able 
to significantly phosphorylate them in 10 minutes (Fig. 5b). KllA and KllE 
showed 14% and 21% of maximal phosphate incorporation by 7EIIOK, 
respectively. 
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The kinetics of these phosphorylations were then determined, and the 
results are shown in Table 3. The EllOK mutation in Y(1-300) affects both the Km 
and kcat for phosphorylation of phos. b. The kcat of yEllOK is 5 times lower than 
Y(1-300) for phos. b, while the Km is 56 times higher. The catalytic efficiency of 
yEllOK is 278 times lower than 7(1-300) for phos. b (Tables 2 and 3). This charge 
reversal mutation clearly has a detrimental effect on the phosphorylation of 
phos. b. Both mutations of Lys 11 of GP, however, dramatically improve 
phosphorylation by yEllOK. With both KllA and KllE, yEllOK has an increased 
kcat decreased Km compared to phos. b. The catalytic efficiencies for yEllOK 
with these GP mutants are 30- and 56.5- fold higher, respectively, compared to 
phos. b. In addition, when compared to its phosphorylation by y(l-300), KllE is a 
slightly better substrate for yEllOK (Tables 2 and 3). This data supports the 
previous evidence for a specific interaction between Glu 110 of y and Lys 11 of 
phos. b. 
Interaction of GP mutants with Protein Kinase A 
It has long been known that phos. b is not a substrate for PKA (19, 35). 
PKA was able to phosphorylate the 9-18 peptide, although poorly (19). By 
substituting the Arg 16 residue with Ala, however, the peptide became a 
significant substrate for PKA (20). An experiment was done to see if the Arg 16 to 
Ala mutation in the entire GP protein could be phosphorylated by PBCA. Figtire 
6a shows that incubation of R16A with PKA for 22 hours indeed resulted in a 
substantial amount of ^^p incorporated into this mutant. The phosphate 
incorporated translates to 50% phosphorylation of R16A at 22 hours, while phos. 
b had very little incorporation above the blank. The possibility existed, however, 
that the phosphorylation of R16A by PKA did not occur on the same Ser 14 
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phosphorylated by PhK. To test this, PKA phosphorylation of R16A was 
monitored by the increase in phos. a activity (Fig. 6b). The ratio of phosphorylase 
activity -AMP to 4-AMP increased over time, reaching 55% at 22h. This indicated 
that phos. a was indeed being produced, and therefore PKA was phosphorylating 
R16A on Ser 14. 
In the peptide studies with PKA, another variant of 9-18 with Gly 
substituted for He 13, was able to be phosphorylated (20). The I13G mutant was 
therefore also tested with PKA (Fig. 7). I13G was able to be phosphorylated 
significantly more than phos. b, although was a sUghtly poorer substrate than 
R16A. All GP variants are compared to Histone, a known substrate for PBCA. In a 
separate experiment, R16E was tested as a substrate for PKA. R16E was slightly 
phosphorylated by PKA, becoming 7% phosphorylated in 22h, compared to 0.5% 
for phos. b and 43% for R16A (data not shovm). 
Discussion 
The studies with peptides that were performed twenty years ago in this lab 
were very important. They were useful in determining that the primary 
structure of phosphorylase in the phosphorylatable region was a major factor for 
its specificity for phosphorylase kinase. We also used them as a guide for the 
mutagenesis done here. The substitutions made in the N-terminal peptides 
dramatically affected their phosphorylation by PhK. We therefore felt it 
beneficial to determine if the same residue substitutions had similar effects in 
the entire GP protein, since we finally had the capability to do so. The mutations 
made outside the N-terminus were in areas that we believed might be other sites 
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of interaction between phos. b and 7(1-300), based on information from their 
crystal structures. 
The results obtained, summarized in Table 2, were surprising in some 
ways. Almost all the mutants produced some change in Km and Vmax/ but 
overall, the changes were much less drastic than what was seen with the 
peptides. For the residues outside the phosphorylation site, R69K, R69E, and 
E501A, there is little difference in their phosphorylation by Y(1-300) compared to 
phos. b. The K^s of these three mutants were only slightly higher than phos. b. 
For E501A, we didr^'t really know what to expect, as this area of the GP surface 
has never been studied. Glu 501 forms part of an acidic patch on the surface of 
the monomer (35), on which the highly basic N-terminus rests in phos. b. In 
addition, the side chain of the Glu shields the Ser 14 residue directly. It was 
reasoned that change of this residue to Ala might remove this shielding, and/or 
lessen the electrostatic interactions between the acidic patch and the N-terminus, 
perhaps making the N-terminus more readily accessible to the kinase. This may 
indeed be the case, as the Vmax of phosphorylation of this mutant is increased. 
The slight increase in Km may be due to a change in the conformation of E501A, 
but overall this shielding of Ser 14 is not a major factor for the interaction of 
phos. b and Y(1-300). 
Arg 69 is an interesting residue. It acts to help complex the Ser 14-
phosphate group in phos. a (15, 16). We hypothesized that this tight interaction 
with the phosphate might be a necessary step in the phosphorylation 
mechanism, perhaps to help release the kinase. Alteration of this residue, then, 
might be observed as a decrease in the Vmax of the reaction. We see now that this 
is not the case, as both R69K and E produced increased VmaxS compared to phos. 
b. Instead, it may be that the complexing step slows the Vmax in wild-type GP, 
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and disruption of the complex by replacement of tiie Arg would then speed the 
reaction slightly. 
The other aspect of Arg 69 that we speculated about was its possible 
function as a secondary binding site for PhK. PhK can phosphorylate peptides of 
the N-terminus of phos. b, but the Km for this phosphorylation is 50 times higher 
than for phos. b (21). This indicates that there are other parts of phosphorylase 
besides the N-terminus that contribute to the binding and recognition by PhK. A 
cyanogen bromide (CNBr) cleavage fragment of phosphorylase, containing the 
first 91 residues (including Arg 69), has a Km much lower than the 5-18 N-
terminal peptide, and much closer to that of phos. b. Most of the residues needed 
for binding, then, may reside in the first 91 residues of phosphorylase, yet may be 
comprised of at least 2 different sites in this region (21). 
Dasgupta and Blumenthal pointed out a sequence homology between the 
region of GP aroimd Arg 69 and the PhK5 autoinhibitory segment on the C-
terminus of the y subimit (37). PhK5 and PhK13, the other C-terminal 
autoinhibitory segment of y, which is highly homologous to residues 9-18 of GP, 
can bind simultaneously and synergistically to inhibit PhK. Because these two 
segments seem to bind together to different sites of PhK, we reasoned that the 
two homologous regions of GP might also be able to recognize PhK at the same 
sites. Here we see no significant change in Km/ however, for the binding of R69K 
and E to Y(1-300). Arg 69 cannot be ruled out as a second area of interaction with 
holoenzyme PhK, though, as it is highly possible that the interaction may be 
with one of the other subunits. This is demonstrated by the observations that 
inhibition by PhK5 vs. phos. b is noncompetitive for Y(1-300) (32), but is 
competitive for holoenzyme PhK (37). 
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The mutations of residues in the N-tenninus were expected to have 
greater effects on recognition and phosphorylation by Y(1-300) than those on the 
body of GP. While they did show larger changes in Km and Vmax than the other 3 
mutations, we were surprised that the changes weren't larger still. For most of 
the previous peptide studies of Lys 11, He 13, and Arg 16, the major effects that 
were seen were large decreases in Vmax/ with usually minor increases in Km (19-
22). In this work we saw that the effects on Vmax were quite small. KllA showed 
the slightest decrease in Vmax/ at 1.11-fold, while R16E showed the greatest, at 
2.24-fold. These values are much less than the values seen for the peptides, for 
example, a 5-fold Vmax decrease for KllA (19, 20) and 10- to 66-fold decreases for 
R16A (19, 21). The presence of the entire protein in our studies must ameliorate 
the residue changes' effects on Vmax tiiat are so dramatic in the peptides. 
For the most part, the Km decreases that are seen with the N-terminal 
mutations are small, as well, with the exception of R16E. Most are on the order 
of what was seen with each residue change in the peptides. The Arg 16 residue is 
worth discussing at length. In many previous studies, this residue was shown to 
be important for phosphorylation by PhK. PhK has a definite requirement for a 
basic residue in the P+2 position of its substrate. When this Arg was changed to a 
nonpolar group, such as Ala or Gly, the peptides produced large decreases in 
Vmax and small increases in Km (19-21). Removing only the positive charge from 
the Arg 16 in the entire phos. b protein, by en2ymatically converting the Arg to a 
CitniUine, also slowed phosphorylation (38). The charge-reversal to Glu in a 
peptide could not be phosphorylated at all (22). In this work, the R16E mutant 
cotild indeed be phosphorylated, but is a very poor substrate for 7(1-300). Its 21-
fold increase in Km helped decrease the catalytic efficiency for 7(1-300) 47-fold. 
This reqxiirement for Arg at P+2 by PhK may be one of the major factors that 
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makes it the only kinase to act on GP, as few other known kinases have been 
shown to have a basic residue in this position of their consensus sequence. 
In determining specificity requirements between phos. b and PhK, it 
would be helpful to know if there are any direct residue-to-residue interactions. 
For Y(1-300), we know of two such specific residue interactions, Glu 110 with Lys 
11 of GP, and Glu 153 with Gin 12 of GP. These interactions have been 
determined with peptides and mutant forms of 7(1-300) (32). Another piece of 
data which supports this work was a crystal structure of 7(1-300) with a peptide 
substrate. An Arg was positioned in place of the Lys 11, but this Arg showed an 
ion pair with Glu 110 (18). We therefore used the same charge-reversal mutant 
of 7(1-300) used by Huang, et al, 7EIIOK, with our GP mutants KllA and KllE to 
further confirm this interaction. While the 7EIIOK had a catalytic efficiency 278-
fold lower than 7(1-300) for phos. b, the mutant y could phosphorylate the KllA 
and E mutants quite well. The KllE mutant was a slightly better substrate for 
yEllOK than 7(1-300), which would support a specific interaction between these 
two residues. 
Because GP is such a specific substrate for PhK, we investigated the GP 
mutants as possible substrates for another kinase, protein kinase A. Many 
studies have been performed comparing the substrate specificity of these two 
kinases (19, 20, 39, 40). No modifications of phos. h, in terms of adding effectors 
or modifying the PLP group, could make it a substrate for PKA, yet the 5-18 N-
terminal peptide could be phosphorylated (19). While this peptide was still a 
poor substrate for PBCA, changing the Arg 16 to Ala dramatically improved the 
peptide as a substrate (20). Change of the lie 13 to Gly in the peptide also allowed 
moderate phosphorylation by PKA. By using these GP mutants with PKA, we 
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coxild see if this phosphorylation was limited to short peptides, or if the entire 
mutant proteins could serve as substrates. 
Here we found that the R16A mutant of GP could indeed be 
phosphorylated to a significant extent by PKA and that this phosphorylation was 
on Ser 14. The I13G was also a moderate substrate for PKA, but R16E was only 
minimally phosphorylated. It appears, then, that the nature of the N-terminus is 
the major negative determinant preventing the phosphorylation of GP by PKA. 
These GP mutants cannot be called good substrates for PKA, as they were 
phosphorylated to much less of an extent than fiistone, and at a much slower 
rate. They required 22 hours to achieve 20 to 50% phosphate incorporation, 
opposed to just one hour for Histone. The fact that any phosphate was 
incorporated at all, however, is still of significance. 
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A B C D E F G  H J  
Figure 1. Representative SDS-PAGE gel showing the purification of recombinant 
GP. (A) KllE Cu^'^-Sepharose load sample (B) KllE DEAE-Sepharose 
load sample (C) Piirified KllE (D) MW Markers (E) Purified KllA 
(F) KllA DEAE-Sepharose load sample (G) KllA Cu^'^-Sepharose load 
sample (H) Purified R16A, compared to (J) isolated rabbit muscle 
phos. b 
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Table 1. Sequence changes of GP mutants in comparison to wild-type phos. b 
wtphos. ba.b,c -K9-R-K-Q-I-S-V-R-G-L18-
KllA -K9-R-A-Q-I-S-V-R-G-L18-
KllE -K9-R-E-Q-I-S-V-R-G-L18-
I13G -K9-R-K-Q-G-S-V-R-G-L18-
R16A -K9-R-K-Q-I-S-V-A-G-L18-
R16E -K9-R-K-Q-I-S-V-E-G-L18-
wt phos. b -V64-G-R-W-I-R-T-Q-Q-H73-
R69K -V64-G-R-W-I-K-T-Q-Q-H73-
R69E _V64.G-R-W-I-E-T-Q-Q-H73-
wt phos. b -P497-G-L-A-E-r-I-A-E505-
E501A -P497-G-L-A-A-I-I-A-E505. 
a Numbers next to residues denote the residue ntanber in GP 
 ^Boldface S represents the Ser 14 phosphorylation site 
Residues mutated are xmderlined 
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Figure 2. Crystal structure of phosphorylase a. The N-tenninal domain of each 
monomer is shown in blue, while the C-terminal domain is shown in 
green. The helical N-terminus is shown as a magenta ribbon, with 
the phosphoserine in yellow. Residues that have been mutated are 
shown as orange ball-and-stick models and labeled as follows: (A) Lys 
11 (B) He 13 (C) Arg 16 (D) Arg 69 (E) E501A (Photo courtesy of Dr. 
Robert Fletterick and Dr. Peter Hwang) 
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Figure 3. Time course of phosphorylation of phos. E501A, KllA, and KllE by 
PhK y(l-300). 2 mg/ml phosphorylase were incubated with .05 M-g/ml 
Y(1-300). Phosphorylation is reported as fraction of the 32P 
incorporated into phos. b at 30 minutes 
Table 2. Kinetic constants for Y(1-300) with wild-type phos. b and GP mutants 
catalytic efficiency Fraction of 
Phosphorylase Vmax kcat Km kcat/Km cat. eff. 
variant (nmol^^p/n^/jngyj (g-ij w/Phos. b 
Phos.b 45,902 ±3990 26.4 10.0 ±1.2 2.64 1.00 
KllA 41,353 ±210 23.8 20.0 ±0.5 1.19 0.45 
KllE 30,901 ±1140 17.8 38.8 ±2.5 0.458 0.17 
I13G 26,566 ±157 15.3 27.7 ±1.5 0.552 0.21 
R16A 28,004 ±168 16.1 46.7 ±1.3 0.345 0.13 
R16E 20,441 ±368 11.8 210.0 ±8.9 0.056 0.021 
R69K 57,175 ±2360 32.9 11.4 ±1.0 2.88 1.09 
R69E 58,365 ±2710 33.6 12.7 ±0.6 2.64 1.00 
E501A 58,356 ±1230 33.6 18.0 ±2.0 1.86 0.71 
Figure 4. Lineweaver-Burk plots made for kinetic analyses. Phosphorylase variants were used at five different 
concentrations with Y(1-300) at .015-.1 jig/ml. a) phos. b vs. KllA and KllE b) phos. b vs. R16A and 
R16E c) phos. b vs. R69K and R69E d) phos. b vs. I13G and E501A 
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Figure 4. (continued) 
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Figure 5. Time courses of phosphorylation of phos. bj KllA and KllE by PhK 
y(l-300) or jEllOK. 2 mg/ml phosphorylase were incubated with .1 
|ig/ml of either Y(1-300) or yEllOK. Phosphorylation is reported as 
pmol 32p incorporated into phosphorylase. a) Phosphorylation of 
phos. b by y(1-300) or yEllOK b) Phosphorylation of phos. b, KllA, and 
KllEbyYEllOK 
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Table 3. Kinetic constants for yEllOK with wild-type phos. b and GP mutants, KllA and KllE 
Phosphorylase 
variant 
V max 
(nmol ^ 2p/min/mg y) 
kcat 
(s-1) 
Km 
(HM) 
catalytic 
efficiency 
kcat /Km 
Fraction of 
cat. eff. 
Phos. b - Y 
Fraction of 
cat. eff. 
Phos.b-EllOK 
Phos, b 9,202 ±4,150 5.29 563.0 ± 280 .009 .004 1.00 
KllA 21,948 ± 2,160 12.6 44.7 ±7.0 .283 .107 30.1 
KllE 33,352 ±3,950 19.2 36.1 ±4.7 .531 .201 56.5 
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Figure 6. Time course of phosphorylation of phos. b and R16A by PKA. 4 mg/ml 
phos. b or R16A were incubated with either .5 U/|il PKA or 2 mM DTT 
for blanks/controls, a) Aliquots were removed and coxinted at various 
times, and phosphorylation is reported as pmol 32p incorporated b) 
Aliquots from PKA and control reactions were removed at various 
times and diluted to 20 M-g/ml phosphorylase. DUuted samples were 
then assayed with and without 1 mM AMP. Phosphorylation is 
reported as percent activity without vs. with AMP 
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Figure 7. Time course of phosphorylation of phos. b, I13G, R16A, and Histone by 
PKA. 4 mg/ml of each protein substrate was incubated with .5 U/y.1 
PKA. Phosphorylation is reported as pmol 32p incorporated 
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GLYCOGEN PHOSPHORYLASE LIGAND-BINDING 
PROPERTIES ARE ALTERED BY SINGLE SITE 
MUTATIONS IN ITS AMINO-TERMINAL REGION 
A paper to be submitted to the journal Biochemistry 
Alyssa C. Biom and Donald J. Graves 
Abstract 
Glycogen phosphorylase is a muscle en2:yme which cleaves glucose from 
glycogen, producing glucose-l-phosphate, which can be used for the production 
of ATP. Phosphorylase activity is regulated by phosphorylation/ 
dephosphorylation, and by the allosteric binding of numerous effectors. In this 
work we have studied eight site-directed mutants of glycogen phosphorylase (GP) 
in its amino-terminal regulatory region to observe any changes that the 
mutations may have made on its structure or function. All of the GP mutants 
had normal levels of activity in the presence of the allosteric activator, AMP. 
Some of the mutants were observed to have altered AMP-binding characteristics, 
however. R16A and R16E were activated at very low AMP concentration and 
crystallized at low temperature, like the phosphorylated form of GP, 
phosphorylase ^ and imlike the dephospho- form, phosphorylase b. This 
indicates that even without phosphorylation, their structures are more like 
phosphorylase a than phosphorylase b. These mutants were also very poorly 
phosphorylated in the presence of the inhibitors glucose and caffeine, while 
phosphorylase b was phosphorylated normally with these inhibitors present. 
Two other mutants produced the opposite effect, behaving like phosphorylase b 
after phosphorylation. R69E was only partially activated by phosphorylation, and 
I13G was completely inactive after phosphorylation. I13G was the first 
61 
observation of a phosphorylase form that could not be activated by 
phosphorylation. 
Introduction 
Glycogen phosphorylase (a-l,4-glucan:orthophosphate glucosyltransferase, 
EC 2.4.1.1) (GP) is found in many different mammalian tissues, such as muscle, 
liver, and brain, and similar forms are also foimd in yeast, plants, and bacteria 
(I). The most extensively studied form is rabbit muscle GP. GP catalyzes the 
breakdown of the storage polysaccharide, glycogen, to produce glucose-1-
phosphate (GIP), which can then be used for the production of ATP. Glycogen 
phosphorylase is therefore a very important component of the carbohydrate 
metabolic pathway in muscle cells. 
The regulation of glycogen phosphorylase activity is quite complex. 
Phosphorylase b (phos. b) is the inactive form of the enzyme. It can be activated 
by the binding of AMP (2, 3), or by phosphorylation by phosphorylase kinase 
(PhK) (4, 5). Phosphorylation converts phos. b to phosphorylase a (phos. a), 
which is active in the absence of AMP. Once activated, GP must eventually be 
inactivated when it is no longer needed. Several factors work to inhibit GP 
activity. These include dephosphorylation of phos. a by protein phosphatase-1 
(PP-1) to produce phos. b (6, 7), dissociation of AMP, and the binding of many 
different inhibitory molecules. Glucose-6-phosphate (G6P), glucose, and caffeine 
are common inhibitors (I). 
The functional form of GP is a homodimer of identical 842-residue 
subimits (8, 9). This means that there are 2 binding sites for each effector on each 
enz3rme, which allows for allosteric binding. The allosteric binding of these 
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effectors produces different conformations of GP, either active or inactive. 
Similar active and inactive conformations are produced by phosphorylation and 
dephosphorylation (10,11). The structures of phosphorylase b and a have been 
known for over twenty years (12-14). Activation of GP produces a rotation of the 
subimits with respect to each other and caiises them to be pulled closer together 
on one side, opening up the active site on the other side. The two methods of 
activation produce a similar conformation, with the only major difference being 
the structure of the amino-terminus (10, 15). The N-terminal 20 residues form a 
sort of extended tail, away from the folded core of the enzyme. These mostly 
basic residues are not ordered in phos. b, but rest on the surface of the enzyme in 
an area of negative charge (16). Upon phosphorylation of iJie Ser 14, the N-
terminus forms a 3io helix and rotates about 90° so that it binds at the subunit 
interface (10,11). There, the serine-phosphate is complexed by a number of basic 
amino acids, which hold the N-terminus in place. This movement of the N-
terminus does not occur in AMP-activated phos. b (11, 17), yet a similar 
conformation is produced in the core of the enzyme (15). 
These different conformations of GP are very important to its regulation 
and activity. One way of thinking about the conformations of GP is to use the 
"R state" and "T state" designations described by Monod, et al, for allosteric 
systems (18). In their model, the "T state" of an allosteric enzyme has low 
activity and low affinity for substrates and effectors, while the "R state" has high 
activity and high affinity for substrates and effectors. An effector will promote or 
stabilize either the R state or T state, then, depending on its effect on the activity 
of the enzyme. These may not be the only conformations in which the protein 
can exist, however. Phosphorylase demonstrates that the R and T states are not 
discrete, all-or-nothing conformations. The conformation produced by each of 
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GP's effectors can be different depending on whether it is bound to phos. a or b 
{19-21), and GP can be phosphorylated or dephosphorylated differently, 
depending on which, if any, effectors are boimd (22-24). The structures of the R 
and T states of GP have been studied extensively (10, II, 25). There are many 
questions which remain, however, about how the different conformations are 
produced; i.e., what tertiary, secondary, and primary structural elements are 
involved in contributing to or stabilizing certain, conformations. 
Even though GP is a large enzyme, it is possible that individual amino 
acid residues may affect its conformation. In order to study this, we have 
characterized eight site-directed mutants of GP for any conformational changes. 
Three residues in the N-terminus were mutated, Lys 11, lie 13 and Arg 16, along 
with 2 residues that interact with the N-terminus in. either the phospho- or 
dephospho- state, Arg 69 and Glu 501. Several of these mutants had different 
AMP-binding characteristics, an indicator of conformational state. Some could 
also be forced by different GP effectors into coriformations which could not be 
phosphorylated by the kinase core of the PhK catalytic subimit, Y(1-300). Others 
yet could not be activated by phosphorylation. These many varied results from 
altering individual residues points to the importance of distinct amino acids for 
phosphorylase structure and activity. 
Experimental Procedures 
Materials 
The plasmids RMGP-Nde53 and RMGP-pTacTac, containing the cDNA of 
rabbit skeletal muscle phosphorylase, along with mutagenesis primers for 
mutants R16A, R69K, and E501A, were generous gifts of Dr. Robert Fletterick, 
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UCSF. All other mutagenesis and DNA sequencing primers were synthesized in 
the Iowa State University DNA Facility on an Applied Biosystems 3948 Nucleic 
Acid Synthesis and Purification System. E. coli 25A6 cells were from Genentech, 
South San Francisco, CA. Oyster glycogen type n was purchased from Sigma, St. 
Louis, MO. Chelating Sepharose Fast Flow and DEAE-Sepharose Fast Flow were 
from Amersham Pharmacia, Piscataway, NJ 
Mutagenesis 
Mutants R16A, R69K, and E501A were made using the Kxmkel method for 
single-stranded DNA (26, 27) in the RMGP-Nde53 plasmid. These mutants were 
constructed to add unique restriction sites by conservative mutation for quicker 
screening of mutants. AH other mutants (KllA, KllE, I13G, R16E, and R69E) 
were constructed using the QuikChange™ Site-Directed Mutagenesis Kit from 
Stratagene (La JoUa, CA), also using the RMGP-Nde53 plasmid. Sequencing of 
plasmids for confirmation of mutagenesis was performed by the ISU DNA 
Facility on an ABI Prism 377 DNA sequencer. 
Protein Expression and Purification 
Expression of recombinant GP and mutant forms was carried out, as 
described in the preceding paper, in the pTacTac expression vector in E. coli 
strain 25A6, according to the method developed by Browner, et al (28). 
Purification of recombinant wild-type phosphorylase and mutants was carried 
out by chromatography, first on a Cu2+-chelated Sepharose column, followed by a 
DEAE-Sepharose column to remove remaining contaminating proteins (25). 
Final samples were concentrated, dialyzed into 40 mM p-glycerophosphate/ 5 
mM DTT, pH 6.8 (40/5 buffer), and stored at 4°C. Phosphorylase purified in this 
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manner was 95% pure, as judged by SDS-PAGE. Phosphorylase b was purified 
from rabbit skeletal muscle (30) and recrystallized at least three times. It was then 
dialyzed into 50% 40/5 buffer, pH 6.8/ 50% glycerol and stored at -20°C. 
Concentration of phosphorylase samples was determined spectrophotometrically 
at 280 run, using the extinction coefficient of 1.32 cm^/mg phosphorylase (31, 32). 
Phosphorylase kinase catalytic subimit, 7(1-300), was expressed and purified as 
previoiisly described (33) and stored in 50% glycerol at -20°C. 
AMP Activation Assays 
Phosphorylase activity was measured after the method of BCrebs et al (22), 
with increasing concentrations of AMP, from 0 to 1 mM. In some assays, the 
phosphorylase effectors glucose and caffeine were als& included, at 10 mM and 1 
mM, respectively. 
Phosphorylation Assays 
Time courses of phosphorylation were performed at 2 mg/ml 
phosphorylase, 1 mM ATP, 10 mM MgCl2, 2 mM DTT, in 50 mM PIPES/50 mM 
Tris, pH 8.2. Reactions were incubated at 30°C for 30 minutes with y(1-300) (.05-. 1 
|i,g/ml), or buffer for blanks. Progress of reactions was monitored either by 
incorporation of 32p from y-32p-ATP, or by increase in phosphorylase activity 
without AMP. For the isotopic assays, 10 [il aliquots were removed from the 
reaction at various times and spotted on Whatman 31ET paper. Papers were 
washed for 30 minutes each in 10% trichloroacetate (rCA)/l% p)n:ophosphate, 
5% TCA/1% pyrophosphate, and 5% TCA, then dried, incorporation was 
detected by liquid scintillation coimting. For measuring increase in 
phosphorylase activity, 10 pi aliquots were removed at various times and diluted 
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to .02 mg/ml GP in cold 40/5 buffer, pH 6.8. Phosphorylase activity was then 
assayed at 10 |ig/ml in the presence or absence of 1 mM AMP, after the method of 
Krebs, et al (22). Some phosphorylation assays with R16A and R16E included 
phosphorylase effectors. R16A was used at 5 mg/ml with .5 p.g/ml Y(1-300), and 
R16E was used at 2 mg/ml with .2 NG/INL Y(1~300). When used, G6P was 5 mM, 
AMP was 100 JJM, glucose was 10 roM, and caffeine was 1 mM. 
Results 
Activity and AMP-binding characteristics 
Phosphorylase mutants made are shown in Table 1 and compared to the 
natural sequence in wild-type phos. b. The reasons for making these mutants 
have been previously discussed (preceding paper). Each mutant was assayed for 
its activity and for any changes in its AMP-binding characteristics in comparison 
to phos. b. AMP-activation curves are shown for phos. b and three 
representative GP mutants in Fig. 1. All mutants had levels of activity 
equivalent to that of phos. b. The maximum velocity of some of the mutants, 
however, was up to 20% higher than phos. b (data not shown). For the mutants 
illustrated, I13G most closely resembles phos. b in its slightly sigmoidal curve. 
Both R69E and R16E, however, are activated at much lower AMP concentrations, 
as can be seen by their curves being strongly shifted to the left. From the AMP-
activation curves of each mutant. Hill plots were made to determine their 
cooperativity and Km for AMP-binding. Hill plots for the GP variants from figure 
1 are shown in Fig. 2. Table 2 presents the Hill coefficient (nn) and AMP for 
each mutant. 
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The AMP-binding characteristics of almost every mutant are different 
from phos. b in some way. There is a large range of KmS between the mutants. 
The KmS for AMP for I13G and R69K are similar to the value for phos. b. For 
KllA and R69E, the KmS have been reduced from 2- to 3-fold and for KllE and 
E501A, they are reduced 5.5- and 4.4-fold, respectively. The two mutants with the 
greatest affinity for AMP are R16A and R16E, with K^s 8.4- and 30.4-fold reduced, 
respectively, compared to phos. b. Another observation made with some of the 
mutants was that they formed crystals at low temperature, just as phos. a does. 
Native phos. b does not crystallize imder these conditions. R16A and R16E 
crystallized readily at 4°C, while KllE and E501A both required longer 
incubations at 0°C in order to form crystals (not shown). All of these crystals 
dissolved easily upon warming. It is notable that these foxor mutants also have 
the lowest K^s for AMP. 
The Hill coefficients for AMP denote the level of cooperativity with which 
AMP binds to the enzyme. Phos. b has been reported by different researchers to 
have an nn for AMP of from 1.4 to 1.6 (34, 35), indicating positive cooperativity 
of binding. This means that binding of the first AMP molecule to the duner 
increases the enzyme's affinity for AMP, making it easier for the second to bind. 
Phos. ^ in contrast, has an UH of 1.0, meaning no cooperativity of binding (1). 
AMP can bind to either site with equal affinity and binding of one molecule does 
not affect the binding of the other. Here we see that the nn of phos. b is 1.39, 
agreeing with previous reports. None of the mutants have drastically changed 
Hill coefficients. KllE, KllA, and E501A have a slightly higher nn, while I13G, 
R69K, R16A, and R16E have a slightly lower nn- Only R69E has a significantly 
increased nn of 1.8. 
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Conformational effects on phosphorylation 
The two mutants that were the most changed in their characteristics from 
phos. b were R16A and R16E. Their ability to crystallize and greater affinities for 
AMP indicated they might be conformationally different from phos. b. We saw 
previously that these two mutants were phosphorylated poorly, having very 
high KmS of phosphorylation by 7(1-300) (preceding paper). We then asked 
whether this was due more to the residue changes at Arg 16, or to their possible 
conformational changes. To investigate this we took advantage of CP's many 
effectors which change its conformational state. AMP, an R state effector, and 
G6P and glucose plus caffeine, all T state effectors, were included in time courses 
of phosphorylation of phos. b and R16A by 7(1-300) (Fig. 3). Neither AMP, nor 
glucose plus caffeine have any effect on the phosphorylation of phos. b by 7(1-300) 
(left panel). G6P, known to inhibit the phosphorylation of phos. b (23), shows 
slight inhibition here. 
For R16A, G6P and AMP have little effect on its phosphorylation by 7(1-
300), compared to that with no effectors present (right panel). Glucose and 
caffeine together have a marked effect, however. The rate of phosphorylation is 
initially slowed, but almost completely stops after ten minutes. While the R16A 
is 15% phosphorylated at 10 minutes, only an additional 3.4% is phosphorylated 
in the next 20 minutes (18.4% at 30 minutes). While the rate of R16A 
phosphorylation is slower than that of phos. b, neither the mutation alone, nor 
the addition of AMP or G6P, seems to limit the total amount of phosphate 
incorporated, if given time. This does not seem to be the case with the addition 
of glucose and caffeine to R16A, however. 
Since glucose and caffeine had such a large effect on R16A 
phosphorylation, the experiment was repeated with R16E. From Fig. 4 we see a 
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similar, but more dramatic resiilt. Again, glucose and caffeine have no effect on 
the phosphorylation of phos. b, but reduce R16E phosphorylation (left panel). In 
the right panel is shown R16E alone, with and without glucose and caffeine. The 
presence of glucose and caffeine almost eliminates phosphorylation of R16E by 
Y(1-300). TO see how these inhibitors may be affecting R16E conformation, an 
AMP-activation assay was performed in the presence of glucose and caffeine (Fig. 
5). R16E retains activity in the presence of 10 mM glucose and 1 mM caffeine, but 
the curve is shifted so that it is more like phos. b. Phos. b, on the other hand, is 
completely inhibited by these effectors, which cannot be overcome by up to 1 mM 
AMP. So, phos. b has no activity with glucose and caffeine, but can still be 
phosphorylated at normal levels, while R16E retains phos. b-like activity but 
cannot be phosphorylated at all. 
Phos. a activity of GP mutants 
In the course of testing phosphorylation of the GP mutants by Y(1-300), 
progress of the reactions was measured both by incorporation of ^^P from y-^^P-
ATP and by increase in phosphorylase activity without AMP. With six of the 
mutants, the incorporation of phosphate reflected the increase in phos. a-like 
activity, even though some mutants were poorer substrates for y(1-300) than 
others. This is demonstrated by the mutants KllA and KllE in Fig. 6. Fig. 6a 
shows the increase in incorporation over time of incubation with y(1-300), 
while similar cxirves are seen in Fig. 6b for the increase in activity. Fig. 6c 
demonstrates that aU GP forms had similar levels of activity when AMP was 
added to the assay of the 30 minute time point. 
Figure 7 shows data from the same experiments with R69K and R69E. The 
phosphorylation of phos. b and R69K are similar, as measured both by 32p and 
70 
activation. The phosphorylation and activation of R69E, however, do not agree. 
After 30 minutes, R69E shows roughly 62% as much phosphate incorporation as 
phos. b (Fig. 7a), but only 30% of the activity (Fig. 7b). Its activity in the presence 
of AMP is unaffected, however (Fig. 7c). The phosphorylation of R69E, therefore, 
does not result in complete activation, as it does for phos. b. A more severe effect 
is seen with the mutant I13G. Figiure 8a shows that I13G is phosphorylated at 
about 50% the rate of phos. b. This phospho-I13G, however, is completely 
inactive without AMP (Fig. 8b). Again, like R69E, its activity plus AMP remains 
intact (Fig. 8c). This is the first example of a form of phosphorylase which 
remains completely inactive after phosphorylation in the absence of AMP . 
Discussion 
There are coxmtless factors in every protein that affect the shape it adopts. 
When one of these factors is altered it may change the conformation of the 
protein. If the factor in question is an individual residue, a number of changes 
are possible. If the residue is charged and makes specific contacts with oppositely 
charged moleailes, removal or reversal of the charge has the potential to 
significantly disrupt these interactions. The same is true for replacement of an 
apolar group with one of a different shape or size, or replacement with a charged 
residue. It is also possible, and probably more likely, that change of a single 
residue has no effect on conformation. In GP we have discovered several single 
residues in which changes do dramatically alter the intermolecular interactions 
the residue usually makes to contribute to the conformation of GP. 
By looking first at the AMP-binding characteristics of the GP mutants, we 
can see that most of the mutations have increased the enzyme's affinity for 
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AMP. R16A and R16E, especially, bind AMP very tightly. They interact with 
AMP much more readily than phos. b, as they are activated at very low AMP 
concentrations. These two mutant GPs also have slightly lowered Hill 
coefficients for AMP, indicating that they bind AMP with less positive 
cooperativity than phos. b does. For phos. a, the Km AMP and nH are 1.5 pM and 
1.0, respectively (1, 6). Because the AMP for R16E and A are very low, much 
closer to the values for phos. ^ and their nHS are lowered, these two mutants 
may resemble phos. a in conformation more than phos. b. In addition, the 
experiment described in Fig. 3 shows that G6P inhibits phosphorylation of phos. 
b, but has no effect on R16A phosphorylation. Here R16A displays another phos. 
a-like property, as phos. a does not respond to G6P binding either. The added 
characteristics of R16A and R16E crystallizing rapidly at low temperature, as 
phos. a does, further points to their similarity. The conformation of phos. a is 
described as the R state, so these mutants may be described as being in the R state 
as weU, or perhaps they are "close to" the R state. At the very least they require 
very little AMP in order to fuUy activate them and shift them to the complete R 
state. 
Why the change of one residue on the N-terminal tail, not associated with 
the core of the protein, would change the conformation of the protein core, is an 
interesting question. What effect does the N-terminus have on conformation in 
the native state? Its function in phos. a is obvious, acting as a sort of "R state 
effector" by binding to its site at the subimit interface. In phos. b, however, its 
importance is concealed. It is known that in AMP-boimd phos. b, the N-
terminus is not inunobilized at the interface like in phos. a (17) and is probably 
not ordered (II). Its function in T state phos. b is less vmderstood, yet the amino 
terminus definitely has a large effect on the conformation, function, and 
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regulation of GP. A phosphorylase form named phos. b', lacking the amino-
terminal 15 to 17 residues, and catalytically identical to phos. b (6, 36), has been 
studied extensively to determine the effects of the N-terminus on various 
phosphorylase properties. 
The N-tenninus affects the dimer-tetramer oligomerization state of GP 
(37), as well as effector binding. Phos. b' cannot form tetramers when AMP is 
botind, as phos. b can, even though the N-terminus does not participate directly 
in association of the tetramers. While G6P inhibits and sulfate activates phos. b 
activity, phos. b' is not affected by either of these effectors (37, 38). Phos. b' also 
has much decreased KmS for both AMP and inorganic PO4. The N-terminus 
seems to affect all these characteristics of GP by helping to modiilate the 
conformational state; in some cases promoting the T state, and in others, the R 
state. In thinking about why the conformation of the Arg 16 mutants has 
changed, we may ask the question, what makes phos. a shift to the R state? In 
phos. a, each N-terminus, instead of being located on the surface of its own 
monomer, where its positively-charged groups interact with a patch of negative 
charge on the surface, has moved to the subunit interface (16). The 
phosphorylation of Ser 14 is thought to neutralize the positive charge on the N-
terminus, perhaps releasing it from the surface and relieving electrostatic 
hindrance for the formation of the 3io helix. The N-terminus is then "held" in 
position by the complexing of the serylphosphate by Arg 69 and Arg 43' (10). 
Which is the step that causes the activation of phos. a and its shift to the R 
state? Is it merely the release of the N-terminus from the siirface of the 
molecule? Is it the formation of the 3io helix, or the N-terminus binding at the 
subunit interface? These questions have never been answered satisfactorily. The 
removal of the Arg 16 on the N-terminus seems to be sufficient to at least begin 
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this shift. Removal of the positive charge may be enough to release the N-
terminxis from the surface, or to neutralize the N-terminus enough to allow the 
3io helix formation, or both. The release of the N-terminus from the surface may 
be the first step which starts the conformational shift, and then helix formation 
may complete the activation process, which would happen to differing degrees, 
depending on the mutation and how well-neutralized the N-terminus became. 
This scenario seems likely from the results with the other mutations, 
KllE and E501A, as well as the characteristics of phos. b'. These two mutants had 
low KmS for AMP and were also able to form some crystals at low temperattire, 
but required longer incubations at lower temperatures. They may be partly 
shifted out of the T state, but are not as close to the R state as are the Arg 16 
mutants. E501A would presumably have no effect on the structure of the N-
terminus, but, being located in the acidic patch interacting with it in phos. b, may 
change these ionic interactions and may allow its release from the surface. KllE 
might have the potential to both release the N-terminus from the surface and 
partly neutralize it, but its position farther from the phosphorylation site may 
prevent it from having as potent an effect as changing the Arg 16. Phos. b', 
lacking the N-terminus, has some of the same effector-binding characteristics as 
these mutants (37), which would support the idea of the N-terminus needing to 
be released from the surface to begin a conformational shift. 
Further support for the importance of electrostatics comes from a crystal 
structure of phos. b in the presence of 1 M SO42-. The dianion, binding to phos. b 
at the same site occupied by the serylphosphate in phos. ^ was sufficient to cause 
the N-terminus to become ordered and bind at its usual site in phos. a (39). It 
may be that a dianion is necessary to fully complete the transition of the N-
terminus, as mutants of the Ser 14 to Asp or Glu had similar characteristics as the 
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mutants discussed here, but were not fully activated either (16, 40). Mutations 
which have not changed the charge of the N-tenninus or the residues interacting 
with it, I13G and R69K, have not caused these decreases in Km AMP, and have no 
apparent conformation changes. R69E is an interesting mutant, however, in that 
it has changed a charge outside the amino-terminal tail, but in the vicinity of the 
AMP-binding site. Its Km AMP is almost three times lower than that of phos. b, 
but its nH is increased to 1.8, indicating higher positive cooperativity. Arg 69 
does not participate in AMP binding, but its location close to its binding site may 
be in a position to modulate its binding by producing other conformational 
changes, if its side chain charge is reversed. 
These mutants have been previously analyzed for their interaction with 
PhK Y(1-300) (preceding paper). Since we now have seen that the conformations 
of some of the mutants have changed, we asked whether the changes observed 
in their interactions with the kinase were due more to the changes in the 
primary structure or to the conformational changes. R16A and R16E were 
recognized very poorly by Y(1-300). Does the partial R state produced by these 
mutations make them better or worse substrates? This was tested by 
phosphorylating them in the presence of different effectors. With R16A, only 
glucose and caffeine had an effect on its phosphorylation by Y(1-300). These T 
state effectors dramatically limited the amoxmt of phosphate that could be 
incorporated into R16A. A similar effect was seen with R16E, where glucose and 
caffeine reduced its phosphorylation to almost zero. In contrast, the effectors had 
no effect on phos. b phosphorylation. 
Fig. 5 demonstrates that glucose and caffeine inhibit the normal AMP-
induced activity of R16E so that it resembles phos. b, and yet it cannot be 
phosphorylated, while phos. b has no activity, but is phosphorylated normally. 
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How can this be explained? One possibility is that the R state of the mutants 
compensates slightly for the detrimental residue changes, and once shifted to the 
T state by these effectors, the mutant protein is even more poorly 
phosphorylated. Another possibility is that the T state produced by glucose and 
caffeine binding to the R16A or R16E mutant is somehow different from the T 
state of wild-type phos. h, and this conformation is poorly phosphorylated by Y(1-
300). 
When observing the phosphorylation of the mutants, we expected to see 
the amount of phosphate incorporated correspond to the increase in the activity 
of the GP without AMP, as we see for phos. b and the Lys 11 mutants (Fig. 6a and 
b). Two mutants did not respond in this way. R69E was activated at about half 
the rate of its phosphorylation, while I13G could not be activated at all by 
phosphorylation. The role of Arg 69 in phos. a is to help complex the serine-
phosphate group as it binds at the subtmit interface. This function is believed to 
help hold phos. a in its active conformation. Replacement of the basic residue 
Arg with the acidic residue Glu may act to electrostatically repel the phosphate 
group and prevent R69E-a from becoming fully activated upon phosphorylation. 
It is still able to be partiaEy activated, however, as there is a small increase in 
activity minus AMP. It is important to remember, however, that Arg 69 is not 
the orUy basic group in the area. Arg 43' from the opposite subtmit also helps to 
complex the phosphate, so this residue is likely responsible for the partial 
activation. Work is in progress to prepare a double Arg 69/Arg 43 mutant to test 
how it would respond to phosphorylation. 
I13G, on the other hand, has no activity without AMP after 30 minutes of 
phosphorylation, while it is phosphorylated at about half the rate of phos. b, as is 
seen by 32p incorporation. The role of He 13 in the structure of the N-terminxis is 
not specifically known, other than its participation in the 3io helix that forms 
amino-terminal to the serine-phosphate after phosphorylation. The residue 
glycine in secondary structures is known to be a helix-breaker (41, 42). The 
substitution of a Gly for the He 13 in this position may disrupt the S^q helix. If 
this helix does not form properly, it is likely that the phosphoserine would not 
be positioned correctly to allow activation of the a-form. 
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Table 1. Sequence changes of GP mutants in comparison to wild-type phos. b 
wt phos. ba-b'C -K9-R-K-Q-I-S-V-R-G-L18-
KllA -K9-R-A-Q-I-S-V-R-G-L18-
KllE -K9-R-E-Q-I-S-V-R-G-L18-
I13G -K9-R-K-Q-a-S-V-R-G-Li8-
R16A -K9-R-K-Q-r-S-V-A-G-Li8-
R16E -K9-R-K-Q-I-S-V-E-G-L18-
wt phos. b -V64-G-R-W-I-R-T-Q-Q-H73-
R69K -V64-G-R-W-I-K-T-Q-Q-H73-
R69E -V64-G-R-W-I-E-T-Q-Q-H73-
wt phos. b -P497-G-L-A-E-I-I-A-E505-
E501A -P497-G-L-A-A-I-r-A-E505-
® Nvimbers next to residues denote the residue number in GP 
Boldfece S represents the Ser 14 phosphorylation site 
 ^Residues mutated are underlined 
Figure 1. AMP-activation curves for phos. b, I13G, R69E, and R16E. Activity of each mutant with increasing 
AMP concentration from 0 to 1 mM is reported as Abs. at 660 nm, after the methods of Krebs, et al 
(22). An Abs. of .3 is equivalent to .76 fimol inorganic phosphate (Pi) released by phosphorylase in the 
assay 
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Figure 2. Hill plots for binding of AMP by phos. b, I13G, R69E, and R16E. Vmax used to calculate log [v/ (Vniax-v)] 
for each phosphorylase form was determined from a Lineweaver-Burk plot of the data shown in 
figure 1 (not shown). The Hill coefficient (nH)AMP for each mutant is the slope of the line at y=0, 
with the Km AMP being the [AMP] where this line crosses the x-axis 
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Table 2. Hill coefficients and K^s of AMP binding for phos. b and GP mutants 
GP Variant AMP (nM) nn AMP 
Phos. b 78.5 ± 10 1.39 ± -16 
KllA 36.4 ± 1.7 1-49 ± .01 
KllE 14.3 ± .2 1.45 ± -045 
I13G 71.9 ± 8.3 1-34 ± .014 
R16A® 9.33 1.25 
R16E 2.58 ± .5 1.29 ± .066 
R69K 69.0 ± 10 1.3 ± .025 
R69E 26.8 ± 3.5 1.8 ± .005 
E501A'' 17.8 1.55 
 ^ Four independent AMP curves were averaged together to produce one Hill plot. 
Two independent AMP curves were averaged together to produce one Hill plot 
Figure 3. Phosphorylation of phos. b and R16A by y(l-300) in the presence of phosphorylase effectors. 5 mg/ml 
phos. b (•, left panel) or R16A (•, right panel) was incubated with .5 ng/ml 7(1-300), in the absence 
(•,•) or presence of 100 nM AMP (O), 5 mM G6P (A), or 10 mM glucose and 1 mM caffeine (•). 
Phosphorylation is reported as pmol 32p incorporated 
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Figure 4. Phosphorylation of phos. b and R16E by y(l-300) in the presence or absence of glucose and caffeine. 2 
mg/ml phos. b (•) or R16E (A) was incubated with .2 fig/ml Y(1-300) in the absence (B/A) or presence 
(•,A) of 10 mM glucose and 1 mM caffeine (left panel). Right panel is a close-up of R16E 
phosphorylation plus (A) and minus (A) the effectors. Phosphorylation is reported as pmol 32p 
incorporated 
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Figure 5. AMP-activation curves for phos. b and RISE with and without glucose and caffeine. AMP activation 
curves as described in figure 1 for phos. b (•) and R16E (•). Assays were performed without (•,•) or 
with (Q/O) 10 mM glucose and 1 mM caffeine 
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Figure 6. Time courses of phosphorylation of phos. h, KllA, and KllE by y(l-
300), as measured by increase in incorporation or phosphorylase 
activity. 2 mg/ml phosphorylase was incubated with .05 M-g/ml Y(1-300). 
a) Phosphorylation is reported as pmol 32p incorporated from Y-32p_ 
ATP. b) Aliquots were diluted to 20 jig/ml GP at each time point and 
assayed for phosphorylase activity without AMP. c) The 30 minute 
time point dilution was assayed both without and with I rtiM AMP. 
As stated earlier, an Abs. of .3 is equivalent to .76 junol Pi released by 
phosphorylase in the assay 
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Figure 6. (continued) 
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Figure 7. Time courses of phosfhorylation of phos. h, R69K, and R69E by y(l-300), 
as measured by increase in incorporation or phosphorylase activity. 
2 mg/ml phosphorylase was incubated with .1 p.g/ml 7(1-300). a) 
Phosphorylation is reported as pmol incorporated from y-^^P-ATP. 
b) Aliquots were diluted to 20 p-g/ml GP at each time point and assayed 
for phosphorylase activity without AMP. c) The 30 minute time point 
dilution was assayed both without and with 1 mM AMP 
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Figure 8. Time courses of phosphorylation of phos. band I13G by y(l-300), as 
measured by increase in incorporation or phosphorylase activity. 2 
mg/ml phosphorylase was incubated with .1 ng/ml Y(1-300). a) 
Phosphorylation is reported as pmol incorporated from y-^^P-ATP. 
b) Aliquots were diluted to 20 |xg/ml GP at each time point and assayed 
for phosphorylase activity without AMP. c) The 30 minute time point 
dilution was assayed both without and with 1 mM AMP 
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GENERAL CONCLUSIONS 
The aim of this research was to better imderstand the reasons for the 
specificity between glycogen phosphorylase and phosphorylase kinase. The 
studies were begiin by making site-directed mutants of residues in GP believed to 
be important for this interaction. In discovering the importance of each residue 
to the GP-Y(1-300) interaction, we learned more about the nature of the whole 
interaction. We also learned that individual amino acid residues can have 
major effects on the structure and ligand-binding characteristics of GP. These 
studies have revealed many interesting points about glycogen phosphorylase and 
the many functions that each residue in the protein has. 
The amino terminal tail alone is one of the most important structures of 
GP, contributing to binding to the kinase, to ligand-binding, to activation of GP, 
and to its conformation. This has been shown by the many effects that changing 
residues in the N-terminus has produced. Lys 11 contributes to recognition of 
PhK 7(1-300), especially through a specific contact with Glu 110 of the kinase 
catalytic subunit. It also contributes to the basic nature of the amino-terminus, 
which may help keep it in the inactive conformation in phos. b. He 13 
contributes to interaction with the kinase, as well, occupying a position that 
requires a large nonpolar group. Change of this residue to Gly made the mutant 
a poorer substrate for PhK 7(1-300), but also allowed its phosphorylation by 
protein kinase A, which does not phosphorylate wild-t3^e phos. b. Changing 
this residue to a Gly also showed the necessity of correct conformation of the N-
terminus to achieve activation of phos. a. This was a significant discovery, as 
I13G is the only known form of GP in which phosphorylation has not residted in 
activation. 
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Arg 16 was found to be extremely important to many GP characteristics. 
Change of tiiis residue to remove or reverse the charge had drastic effects on 
recognition of the mutants by PhK 7(1-300). With R16A as a substrate, Y(1-300) 
showed a 7.6-fold decrease in catalytic efficiency, and showed a 47-fold decrease 
with R16E. PhK shows a strong requirement for Arg in the P+2 position, as has 
been seen before with peptide substrates, but this work showed that this residue 
is still very important in the intact protein. In addition to being a positive 
determinant for phosphorylation by Y(1-300), Arg 16 is also a negative 
determinant for phosphorylation by PKA. By substituting a nonpolar group, Ala, 
in the P+2 position of GP, we were able to change the specificity of GP as a 
substrate. The R16A mutant was able to be phosphorylated to a significant extent 
by PKA, although with long incubation times. 
In addition to changing its recognition by kinases, mutation of Arg 16 of 
GP altered its conformational state. Both R16A and R16E were activated by very 
low concentrations of AMP, had reduced Hill coefficients and crystallized at low 
temperature. All of these characteristics indicate that the mutants are 
structurally more like phos. a than phos. b, pointing to a shift of their 
conformations towards the R state. The two other mutants that also partially 
displayed these characteristics were KllE and E501A, suggesting a possible 
function of the amino terminus is keeping phos. b in its inactive state. By 
neutralizing either the charge interactions between the surface and the N-
terminus, or the basicity of the N-terminus, the N-terminal tail may be released 
from the surface of the protein, perhaps allowing a first shift of the protein 
toward the R state. Either phosphorylation of the Ser 14, or binding of AMP to 
the activator site may produce these changes in the N-terminus in wild-type 
phos. b, although the exact effect of AMP on the amino-terminus is not known. 
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The other question, raised by the R16A and R16E mutants is: does 
phosphorylase kinase preferentially recognize one conformational state of GP 
over another? Was the decrease in phosphorylation of these mutants by Y(1-300) 
more a factor of their changed primary sequence, or their overall structure? 
When induced into the T state by GP effectors glucose and caffeine, their 
phosphorylation by 7(1-300) was reduced even further. One explanation is that 
7(1-300) does recognize the R state better than the T state, and that the sequence 
changes in the Arg 16 position, while reducing phosphorylation, are partially 
overcome by the proteins being closer to the R state. Then, once shifted back to 
the T state by the effectors, the Arg 16 mutants may become very poor substrates 
for 7(1-300). It is also possible that the T state produced by the effectors in the Arg 
16 mutants is different from the wild-tj^e T state, and is not recognized well by 
7(1-300). Further investigation is required to fully resolve this question. 
The final residue focused on in these studies was Arg 69. Its roles in both 
complexing the serylphosphate of phos. a, and as a possible second binding site 
for PhK were investigated. Its function in phos. a was confirmed to be very 
important to the activation of phos. a, as the R69E charge-reversal mutant was 
poorly activated after phosphorylation. The glutamic acid may repel the 
phosphate group and not allow the N-terminus to properly "dock", hindering 
full activation of this mutant. Arg 69 coiild not be confirmed as a second 
interaction site with the kinase by these studies, as both R69K and E were 
phosphorylated by 7(1-300) as well as phos. b, with no large increases in Km- It 
cannot be ruled out as a second interaction site, however, as these studies used 
only the catalytic subiinit of PhK, and its interaction may be with one of its other 
subunits. 
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In conclusion, this research has been extremely interesting with many 
surprises. We have again confirmed that glycogen phosphorylase is a highly 
complex enzyme, both in its own activities and in the regulation of its activities. 
Neither its activation by AMP nor by phosphorylation is a simple event. Each of 
these methods produces many different changes in many different parts of the 
GP holoen23nne, and most of these effects seemed to be linked. Changing one 
small portion of GP can have far-reaching effects, both in terms of distance to 
other critical areas of the enzyme, and also in terms of affecting functions that 
may not, at first glance, seem to be related. In addition, there are many factors in 
GP which contribute to its specific recognition by PhK. One cannot be isolated as 
the only determining factor. Here, we have found several individual residues of 
GP which play specific roles in interacting with PhK Y(1-300). All of them taken 
together, in addition to the conformational structure of glycogen phosphorylase, 
make GP the best substrate for PhK. 
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